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ABSTRACT 

Since the industrial revolution humans have been contaminating and discharging water through a 
range of pathways. Population growth and growing consumption have resulted in increasing volumes 
of water being extracted and returned to waterways. This paper discusses the volumes and 
environmental impacts of many of the largest of these industrial water uses and compares them with 
volumes of natural sources of marine discharge. 

Vast quantities of water are being pumped into the ocean as a result of human activities. A summation 
of the estimates for the various sectors in this review estimates that this has now surpassed  
1,000 Gt/ year. Many of these discharges are contaminated or altered such that they vary significantly 
from the natural environment. This has led to a process of geoengineering on a global scale, too often 
intentionally with negative consequences. In many cases discharges are managed to limit local scale 
impacts, yet it remains acceptable to discharge toxic contaminants, such as chlorine and heavy 
metals, provided they are diluted to "acceptable levels". Accumulation of nutrients is causing 
eutrophication leading to hypoxic dead zones and algal overgrowth of coral reefs. 

The spatial and temporal scale of this unplanned and unintended geoengineering that we have 
undertaken has resulted in an accumulation of contamination in the oceans that is causing widespread 
and long-term damage to the marine environment. It is long past time to recognise the oceans are not 
an infinite sink for waste disposal. 
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1 Introduction 

Global population growth and increasing 
consumption are putting growing pressure on 
natural resources. There are now a great many 
huge flows of water extracted and returned to the 
oceans to support this growth. This paper 
discusses many of the largest of these industrial 
water uses, including desalination, which many 
nations are increasingly reliant upon to 
complement water supplies, large scale sewage 
treatment facilities to clean human waste, 
industrial-scale agricultural irrigation, disposal of 
water co-produced with fossil fuels, and cooling 
water used to condense steam at thermal power 
plants for electrical energy generation. All of 
these processes discharge vast amounts of 

water into the marine environment with 
properties that differ from the oceans they are 
entering. In some cases, there is little or no 
treatment of the waste product. 

Over the last 150 years human activities have 
had an ever-increasing influence on the natural 
environment. This has led to a process of 
unintentional geoengineering on a global scale, 
too often with negative consequences – water is 
often diluted just enough to mitigate the local 
impact even though it is known that there may be 
global accumulation of harmful elements that 
reach noticeable levels. 

The release of such material may be described 
as a form of geoengineering. These liquid 
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discharges inevitably end up in the oceans either 
through point sources such as outfalls or 
discharge pipes, through rivers and groundwater 
flows or in a more dispersed nature as runoff 
from land. Atmospheric discharges that 
eventually reach the oceans may also be 
included in this category, but these do not form a 
part of this review.  

The objectives of this review are to:  

 Collate examples of major anthropogenic 
liquid discharge entering the oceans. 

 Discuss the typical process flows for each 
type of anthropogenic discharge. 

 Determine the type and scale of impacts 
related to each type of anthropogenic 
discharge discussed. 

 Compare these discharges with other 
sources of natural marine discharge. 

 

2 Desalination plants 

The freshwater resources we have relied on for 
generations are no longer capable of meeting the 
ever-growing demand for water. There are 
myriad reasons for this, including population 
growth, agriculture expansion, human urban 
developments and increasingly also climate 
change. As a result, desalination plants have 
become an essential component of the modern 
world. These plants remove the salts and 
minerals from saline water, most often sourced 
from the oceans, to produce water suitable for 
human consumption and irrigation. The by-
product of these processes is a hypersaline 
solution (a high concentration of salts and 
minerals commonly called brine) that is usually 
discharged back into the marine environment. 
The majority of desalination plants are located in 
the Middle East, China, the United States, 
Europe, and Northern Africa, while very few are 
located in South America or the rest of Africa 
(Table 1) 

2.1 Process water flow 

A study in 2019 identified 15,906 desalination 
plants operating across 177 countries that 
produce around 95 million m3/ day of desalinated 
water 1, corresponding to an average plant 
production ~6,000 m3/ day = 2 million m3/ y. This 
same study estimated that global brine 
production was approximately 142 million m3/ 
day - around 1.5 litres of brine is produced per 
litre of fresh water, with an average salt 
concentration of around 60 ppt, almost all of 
which is pumped back into the ocean. Reverse 
osmosis is the most commonly used technology, 
accounting for 84 % of operational plants and 
producing 65.5 million m3/ day of desalinated 
water. Two thermal technologies, multi-stage 
flash (MSF) and multi-effect distillation (MED), 
are the next most common methods, producing 
17.17 and 6.68 million m3/ day, respectively1. 
Seawater accounts for 61 % of the water used in 
desalination plants. 

Desalination is an increasingly essential part of 
global infrastructure, and at least eight countries 
already produce more water through 
desalination than they withdraw for human use 
(The Maldives, Singapore, Qatar, Malta, Antigua 
and Barbuda, Kuwait, The Bahamas and 
Bahrain) 1. This list of countries demonstrates the 
importance of this technology in the Middle East 
and for small island nations. Increasing water 
demands combined with decreasing freshwater 
availability means that desalination will continue 
to expand significantly. This expansion will 
inevitably produce increasing amounts of brine 
and management of this by-product will be a 
significant challenge. 
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2.2 Environmental impacts 

The factors that influence the potential impact of 
the brine concentrate can be divided into two 
categories. First are the properties of the brine 
concentrate (Table 2), with chemical 
contaminants being a particular cause for 
concern. Second is how and where the brine is 
released into the ocean. Environmental impacts 
are most likely to occur at the point of discharge 
where the salinity, temperature, and chemical 
composition of the concentrate flow differ 
significantly from that of the ambient seawater. 
The observed effects range in distance from 10s 
to 100s of metres from the discharge location 2, 
however in most cases the plume tends to 
diminish rapidly and the salinity is usually no 
greater than 2 parts per thousand (ppt) above the 
background salinity within 20 m of the outlet 2. 

The higher density of brine discharge means that 
the plume can extend further along the seafloor 
than through the water column 3. Therefore, 
benthic organisms are at greater risk of exposure 
than midwater and planktonic species. 

Chlorine and copper, even in small amounts, can 
be toxic to marine organisms 4. A study from 
2002 that examined the impact of 21 desalination 
plants in the Red Sea with a capacity of 1.58 
million m3/ day found the presence of 
contaminants including chlorine, copper and 
antiscalants to be a significant environmental 
issue 5. In a review of 28 US plants in 2000, 60% 
exceeded EPA acute copper water quality 
criteria 6 and the discharge of brines with high 
metal contents has the potential to impair 
biological communities. Copper and antiscalants 
can accumulate in sediments as they can take a 
long time to degrade 7.  

 

Number of 
desalination 
plants 

Desalination 
(freshwater) capacity 

Waste brine production 

(Million  
m3/ day) 

(%) 
(Million  
m3/ day) 

(%) 

Geographic 
region 

Global 15,906 95.37 100 141.50 100.0 

Middle East and North Africa 4826 45.32 47.5 99.40 70.3 

East Asia and Pacific 3505 17.52 18.4 14.90 10.5 

North America 2341 11.34 11.9 5.60 3.9 

Western Europe 2337 8.75 9.2 8.40 5.9 

Latin America and Caribbean 1373 5.46 5.7 5.60 3.9 

Southern Asia 655 2.94 3.1 3.70 2.6 

Eastern Europe and Central Asia 566 2.26 2.4 2.50 1.8 

Sub-Saharan Africa 303 1.78 1.9 1.50 1.0 

Income  
level 

High 10,684 67.24 70.5 110.20 77.9 

Upper middle 3075 19.16 20.1 20.70 14.6 

Lower middle 2056 8.88 9.3 10.50 7.4 

Low 53 0.04 0.0 0.03 0.0 

Sector use 

Municipal 6055 59.39 62.3 106.50 75.2 

Industry 7757 28.80 30.2 27.40 19.3 

Power 1096 4.56 4.8 5.80 4.1 

Irrigation 395 1.69 1.8 1.10 0.8 

Military 412 0.59 0.6 0.50 0.3 

Other 191 0.90 0.4 0.30 0.2 

Table 1. Number, capacity, brine production and global share of operational desalination plants by 
region, county income level and sector. Table copied from Jones et al. 1 
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The Arabian Gulf, and Red Sea are particularly 
vulnerable to salinity increases due to 
decreasing freshwater inflows and warmer 
temperatures due to climate change. As of 2002, 
the Arabian Gulf desalination capacity was 
around 7 million m3/ day 5, a number that has 
likely increased significantly since. 
Bashitialshaaer et al. 9 estimated that brine 
discharge may increase the salinities of the 
Arabian Gulf, and Red Sea, by an extra 2.24, and 
1.16 ppt by the year 2050. 

Exposure to desalination discharges has been 
shown to lead to negative ecological impacts in 
seagrass habitats, and to phytoplankton, 
invertebrates, and fish communities. However, 
studies appear to indicate this impact is limited to 
areas surrounding outlets and are virtually 
imperceptible at distances greater than 500 m 
from discharge sites.  

Echinoderms disappeared from the area after a 
desalination plant began operation in SE Spain 
(discharge: 75,000 m3/ day or 27.4 million m3/ y), 
however when the salinity of the brine was 
lowered by dilution with seawater prior to 
discharge echinoderm numbers recovered to 
pre-discharge levels 10. In the same area 
seagrass (Posidonia oceanica) monitoring found 
that during the first year of operations the 
desalinisation plant caused a decline in the 
meadow and decreased vitality of the plants 11.  

Seagrasses are likely to be particularly 
vulnerable to desalination plant discharges as 
they grow on the seafloor in nearshore habitats 
in geographical areas likely to require 
desalination to supplement water supplies. 
Increases in P. oceanica leaf necrosis and 
decreased energy storage in leaf tissues have 
been attributed to brine discharge (capacity 
unknown) 12 and another seagrass, Cymodocea 
nodosa, at sites affected by discharge showed a 
decrease in growth and an increased mortality 
(discharge: 136,000 m3/ day, 49.6 million m3/y)13. 

Brine discharge had no detectable impact on a 
soft sediment macrobenthic community, 
including Echinoderms, Molluscs and 
Polychaetes in the Mediterranean (discharge: 
329,000 m3/ day, 120 million m3/ y) 14. Another 
study (discharge: 17,000 m3/ day) did identify 
changes to the macrobenthic community 
immediately adjacent to a discharge point, 
though assemblages returned to normal after  
15 m 15. A meiobenthic community of amphipods 
decreased in diversity and abundance in close 
proximity to desalination brine outfall 
(discharge:150,000 m3/ day, 54.8 million m3/y)16. 
However, following the installation of a diffuser to 
aid mixing of the discharge amphipod abundance 
had increased. 

In general, the available data indicate that 
concentrated brine discharge can locally impact 

Table 2. Physical and chemical properties of brine concentrate from seawater desalination facilities. Modified from 
Missimer and Malvia 8 

Physical 
properties 

Salinity Ranges between 45 and 85 parts per thousand (ppt) 

Temperature Similar to ambient seawater, though can be raised 5 to 10 °C in specific cases 

Plume density Greater than seawater, and therefore negatively buoyant 

Dissolved oxygen Similar to ambient seawater 

Contaminants 

Chlorine Used as a biocide. Generally degraded or diluted before discharge, however 
even in low concentrations can be harmful to marine life 

Metals  Copper, iron, chromium and nickel from infrastructure corrosion 

Antiscalants Used to prevent scale build up on membranes and pipelines 
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benthic communities, but the effects appear to be 
spatially restricted to the area immediately 
around the outfall. The sphere of influence will 
however vary over spatial scales of 10s to 100s 
of metres depending on discharge salinity and 
discharge mixing rates which will be affected by 
water movement driven by tides and currents. 

Habitats have been ranked in their sensitivity to 
brines 17 and the highest ranked should be 
avoided. Additionally turbulent coasts with 
constant flushing should be targeted, rather than 
bays or low-energy systems or habitats with a 
strong tidal system (due to low-tide impacts) 2. 

3 Power plant cooling 

Electric power generation has been the driving 
force behind economic growth for the past 120 
years and thermoelectric powerplants currently 
comprise the majority of power plants globally. 
High volumes of water are required for 
thermoelectric power generation. This water is 
used to condense or cool, the steam used to 
drive thermoelectric generators. Water enters 
through intake pipes, is passed through the 
steam condensers of the power plant and 
released back into the body of water it came 
from, sometimes through a mixing basin but 
often directly via pipelines. Antiscalants and 
antifouling chemicals are added to the water to 
limit damage to the power plant infrastructure, 
and the water is heated by the steam condensing 
process. 

3.1 Process water flow 

The majority of water used comes from 
freshwater, making it challenging to find figures 
that accurately represent the amount of seawater 
used on a global scale (Table 3). However, it is 
estimated that China and the US use 
approximately 224 and 143 million m3/ day (81.8 
and 52.2 billion m3/ y) of seawater respectively in 
thermoelectric power generation cooling 19,20. 

The amount of water required varies based on 
the energy source, electricity generation 
technology and the cooling system used 18  
(Box 1). Additionally, the use of carbon capture 
and storage (CCS) at fossil fuel powered plants, 
(which is often discussed but currently not 
applied), further increases water use in 
proportion to the additional power required for 
the CCS, which is typically at least 15% of the 
power plant output. An estimate of water use by 
each energy source per MWh is given in Table 4. 

The amount of water withdrawn and 
subsequently discharged into the oceans in 
power generation will depend on the shared 
socioeconomic pathway (SSP) that global 
development follows over the next century. The 
majority of this water is used by coal, nuclear and 
biomass power generation. Renewable energy 
generation from solar or wind for example uses 
insignificant amounts of water in comparison. If 
we follow a pathway that aims to keep global 
temperature increase to less the 2 °C, then future 

BOX 1. SEAWATER COOLING SYSTEMS 

Once-through or open-loop cooling systems run a large amount of water through condensers in 
a single pass and then discharge it back into the environment. 

Recirculating or closed-loop systems use cooling towers to reduce the temperature of the water 
which can then be sent back to the condenser. This approach uses less water but evaporation of 
some water during the process concentrates the mineral ions in the water increasing the scaling 
and corrosive effect of the water. Because of this, additional anti-scaling and corrosion inhibitors 
are required, and the number of recirculation cycles is limited to 1 – 2.5 times 23. 
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power generation must transition to renewable 
energy generation technologies 21.  However, 
even where renewable technologies are not 
readily adopted, it is still likely the volume of  

water utilised in thermoelectric power plants will 
decline due to the increased use of recirculating 
cooling systems 18,22,23.  

 

 

 

Table 3. Percentage of power plants that use seawater for electricity generation by AIM/CGE region. 
Table copied from Terrapon-Pfaff et al. 18 

Region Coal Oil Natural gas Biomass 

Oceania 14 37 34 48 

Canada 12 54 5 10 

EU25 16 46 29 22 

Rest of Europe 6 16 8 1 

Former Soviet Union 2 1 6 1 

Japan 75 71 58 32 

United States 2 22 16 11 

North Africa 92 76 51 0 

Rest of Africa 3 45 36 33 

China 12 15 16 8 

India 12 33 15 5 

Southeast Asia 65 58 40 27 

Rest of Asia 43 19 21 23 

Brazil 17 34 27 7 

Rest of South America 42 55 37 30 

Middle East 63 47 41 42 

Turkey 27 50 53 69 

 

 

Table 4. Water use intensity by energy source and cooling system type, with (+) and without (-) carbon capture 
and storage. Table copied form Ando et al. 22. 

Energy source Cooling System 
Water withdrawal  

(m3 MWh-1) 
Water withdrawal including CCS 

(m3 MWh-1) 

Coal 
Open-loop 158 241 (+52.5%) 

Closed-loop 3.8 4.83 (+27%) 

Oil/Natural gas 
Open-loop 152 198 (+30%) 

Closed-loop 4.55 5.92 (+30%) 

Nuclear 
Open-loop 193 Not applicable 

Closed-loop 4.17 Not applicable 

Biomass 
Open-loop 152 198 (+30%) 

Closed-loop 3.32 4.32 (+ %) 
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3.2 Environmental impacts 

Discharge water from power plants is typically 
about 8 – 12 °C warmer than ambient seawater 
24. Discharge water also contains a number of 
chemicals used to prevent scale and biofouling 
on pipes 25. Therefore, thermal discharge into 
marine environments has the potential to cause 
thermal and chemical stress that may impact the 
local ecosystem. The relative impact of both heat 
and chemical stress caused by coastal power 
plants will depend on the plant type, flow rate 
(FR), ambient temperature and characteristics of 
the discharge area. 

Temperature plays an important role in the 
survival, growth and reproduction in marine 
organisms 26. Increasing the temperature of 
seawater leads to increases in metabolic activity 
and a reduction in dissolved oxygen. Chlorine, a 
frequently used biocide, easily diffuses into the 
cells of many organisms, inhibiting many 
metabolic processes 27. The extent and direction 
of the thermal discharge is influenced by waves, 
tides and currents (both velocity and direction) 28. 
Estuarine habitats have better mixing than the 
coastal ocean which are better than bay areas 28. 
Communities in tropical waters may be 
particularly vulnerable to temperature increases 
as many species may already live close to their 
thermal tolerance limits. 

The influence of thermal discharge from coastal 
power plants has been studied on many marine 
organisms including phytoplankton 29,30, 
zooplankton 31, macrobenthic communities 32–36 
and fish communities 37,38. A nuclear power plant 
in Taiwan (FR: 1,380 million m3/ y) resulted in a 
temperature gradient of 8 – 12 °C at the 
discharge site. This temperature difference had 
no impact on phytoplankton productivity, 
however the chlorine added to the water as a 
biocide did reduce productivity 30. This result was 
supported by findings at another nuclear power 
plant in India (FR: 1,099 million m3/ y), where the 
thermal discharge did not lead to a significant 

reduction in either phytoplankton density or 
chlorophyll concentration. However, the chlorine 
biocide reduced chlorophyll concentrations and 
overall primary productivity 29. 

At a natural gas power plant in Argentina (FR: 
87.6 million m3/ y) thermal discharge was around 
10 °C greater than the receiving water and lead 
to a 1 – 2 °C increase in water temperature within 
1 – 2 km either side of the outlet. This led to 
increased mortality of zooplankton (3 copepod 
species and a crab larval stage), particularly 
during the summer when the discharge 
temperature was at its greatest 31. 

Macrobenthic communities have been found to 
exhibit a range of responses to power plant 
thermal discharge. In two studies at natural gas 
power plants in the Caspian Sea (FR: 350 and 
1,318 million m3/ y) the abundance of 
macroinvertebrates was greater at the thermal 
discharge sites 34,35. However, in one study, 
despite the increase in abundance, species 
richness actually declined 34. This was attributed 
to the increase in thermo-tolerant species 
increasing abundance, while the environmental 
instability caused by thermal stress, such as 
decreased DO and increased turbulence 
resulted in the loss of less resilient species. The 
second study found not only an increase in 
abundance but also in diversity which was 
attributed to the presence of new opportunistic 
species at the discharge site 35. However, studies 
have also found thermal discharge to have no 
effect on the macrobenthic community. The 
thermal discharge from a natural gas power plant 
in Tenerife (FR: 31.4 – 63.1 million m3/ y) 36 was 
found to mix rapidly, and within 20 m of the 
discharge location the temperature was less than 
2 °C above ambient. No significant variations in 
macrobenthic communities were found at an oil 
fired power plant in Italy (FR: 1,387 million m3/ y), 
despite the fact that water temperature was still 
above ambient even up to 300 m from the 
discharge 32.
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4 Wastewater (sewage) treatment 
plants 

Wastewater treatment plants are now an 
essential component of infrastructure, without 
which we would be pumping massive amounts of 
raw sewage into freshwater and marine 
environments. The treatment processes remove 
contaminants from domestic and municipal 
wastewater through a combination of physical, 
biological, and chemical mechanisms. The result 
is an effluent that can be returned to nature with 
a reduced impact to the environment. However, 
studies regularly find coastal waters are non-
compliant with national laws and international 
guidelines. Examples include Brazil 39, US 40 and 
Europe 41. Even developed nations that meet 
mandatory requirements can fail to achieve best 
practice guidelines (Figure 1). The volume of 
wastewater that needs to be treated will continue 
to increase with population growth while extreme 
weather events caused by climate change will 
make doing so more challenging.  

4.1 Process water flow 

It is estimated that of the 984 million m3 /day 
(359,000 million m3/y) of wastewater that is 
produced globally, 63 % is collected and 52 % is 

treated 42 (Figure 2). However, this proportion 
varies greatly across the world.  

In high and upper middle income countries 
approximately 60 % of the wastewater is treated, 
whereas in low and lower middle income 
countries only around 25 % is treated 42. There 
are four stages of treatment wastewater can 
undergo (Box 2). They incorporate physical, 
chemical, and biological procedures to produce 
a waste stream appropriate for release. The cost 
of treatment beyond primary or even preliminary 
treatment can be prohibitive, particularly in 
developing nations. This means that even when 
water is “treated” that treatment might be minimal 
and will focus only on the removal of solid and 
organic matter meaning the wastewater 
discharge can retain significant concentrations of 
harmful constituents (Table 2). 

All wastewater eventually enters the 
environment. Uncollected wastewater does so in 
a dispersed way, filtering into natural systems 
across potentially large areas. Collected waste is 
funnelled through sewers and released back into 
the environment through pipes, whether treated 
or not, creating concentrated points of effluent 
discharge often with significant negative 
environmental impacts if inadequately treated, 
and the disposal site does not promote dilution 
and dispersion of the wastewater.  

BOX 2. WASTEWATER TREATMENT APPROACHES 

1. Preliminary treatment uses physical techniques to reduce the amount of physical waste present. 

2. Primary treatment targets the removal of solid waste and organic matter using physical 

techniques such as settlement tanks. Chemicals may also be added to break up solid and chemical 

waste. 

3. Secondary treatment typically removes suspended particles and biodegradable organic matter. 

Bacterial digestion of the organic waste is encouraged using aeration. Most harmful chemicals are 

removed at this stage, though it cannot remove nitrates. 

4. Tertiary treatment uses sand filters to remove fine particulate matter and UV lights to sterilise 

bacteria or viruses. It may also reuse a combination of the biological and chemical methods in 

earlier treatments to remove any remaining contaminants.  
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Figure 1. Bathing water quality for coastal zones in EU countries, levels of compliance with  
(a) mandatory and (b) guide values. Data from European information gateway 41 

 

The amount of wastewater produced by 
treatment plants is highly variable making it 
challenging to provide estimates of the amount 
discharged per day. It is estimated that in 
Australia between 2016 and 2017 about 1,700 
million m3 of treated effluent was discharged into 
fresh and coastal water bodies 43. According to 
the EPA, the US releases approximately 3,220 
million m3/ y of untreated effluent 44. 

Factors influencing outflow include variation in 
the influent, type and level of treatment, inherent 

variability in the treatment process and whether 
any of the treated water is recycled for irrigation, 
industrial processes etc.  

Variations in precipitation will also affect flow 
rate. Drought conditions will lead to higher 
residence times, whereas storms can increase 
the volume of water in drainage systems beyond 
the capacity of treatment plants, leading to sewer 
overflows discharging unknown quantities of 
polluted waters into receiving water bodies 45. 

(a) 

(b) 
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Figure 2. Global estimates of wastewater (a) production (m3 per year per capita), (b) collection (%),  
(c) treatment (%) and (d) reuse (%) at the country scale. Figure copied from Jones et al.42. 

 

Table 5. Wastewater constituents of potential concern in coastal waters as determined by  
the National Research Council in the USA. Copied from Roberts et al. 46 

Priority Pollutant groups Examples 

High 
Nutrients 
Pathogens 
Toxic organic chemicals 

Nitrogen, Phosphorus 
Enteric viruses 
Polycyclic aromatic hydrocarbon 

Intermediate 
Selected trace metals 
Hazardous materials 
Plastics and floatables 

Lead 
Oil, Chlorine 
Beach trash, oil, grease, microplastics 

Low 
Other dissolved organic matter 
Solids 

 

 

4.2 Environmental impacts 

Pollutants in wastewater include mineral and 
organic matter, suspended solids, oil and grease, 
detergents, nitrogen (in multiple forms including 
ammonia, nitrate and organic nitrogen), 
phosphorous, sulphur, phenols and heavy 
metals 46 (Table 5). Wastewater from municipal 
or hospital sources that is not treated effectively 
can lead to the accumulation of heavy metals in 
sediments 47 and antibiotics in the environment 
48.  Wastewater can also contain large quantities 
of bacteria and viruses, commonly measured by 
the presence of indicator organisms, such as 
faecal coliforms. These pollutants can negatively 

impact a range of habitats including seagrasses, 
macroalgae and soft bottom habitats, and 
organisms including sessile and mobile species.  

The influx of undertreated wastewater with high 
nutrient loads including phosphate and 
ammonium, can result in eutrophication of the 
receiving waters 49. Where this is released into 
bay or lagoon areas with low levels of water 
movement ‘dead zones’ can occur as the 
nutrients fuel algal or bacterial blooms that use 
up all the available oxygen 39,50. These zones are 
largely devoid of large animals or motile 
organisms due to mortality and emigration. 
Though this may be the most severe immediate 
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impact of eutrophication, additional impacts 
include algal blooms, algal scum, enhanced 
benthic algal growth and large growths of 
submerged and floating macrophytes 51–53. 

Marine algae is particularly susceptible to local 
changes where wastewater discharge contains 
high nutrient levels. A long-term study of Sanya 
Bay, China, found changes in algal community 
composition as sewage discharge increased 
over time 54. There have been increases in 
filamentous and fine-blade green and red algae 
and reductions in fleshy, foliose, and other large 
green, brown, and red algae. The addition of 
secondary treatment to wastewater processing 
led to significant increases in species richness, 
diversity, and heterogeneity of algal 
assemblages in the Bay of Biscay (Spain) 55. 
However, significant differences from control 
conditions remained five years after treatment 
upgrades. 

Seagrass meadows are again at high risk from 
the impacts of untreated wastewater discharge. 
High nutrient input can lead to the overgrowth of 
seagrasses by epiphytes and shading by algal 
blooms, leading to ecosystem collapse. In areas 
directly adjacent to outflows nutrient enrichment 
can degrade seagrass meadows through toxic 
effects or promotion of macroalgae and 
epiphytes 56. Enrichment by wastewater can also 
allow invasive species to outcompete seagrass, 
taking over historical seagrass habitats 57. 
However, where seagrasses are nutrient limited, 
enrichment of the local environment with 
ammonium in wastewater discharge can actually 
promote higher biomass and leaf length within 
the meadow 56.  

Long-term monitoring of the benthic community 
associated with deep water discharge sites near 
Sydney, Australia, indicated differences within 
the local environment had a greater effect in 
shaping the benthic community structure than 
accumulation of chemicals of concern near the 
deep water ocean outfalls suggesting minimal 

local ecological impact 58. The authors go so far 
as to suggest such deep-water discharge sites 
may provide a sustainable solution for sewage 
discharge for mega-coastal cities. However, it 
should be noted that wastewater from urban 
areas contains contaminants such as pathogens, 
heavy metals and microplastics that can be 
harmful even at low levels and their 
concentrations within the oceans continue to 
increase. Industrial wastewater discharge 
resulted in an increase in heavy metal 
concentration in sediments in the Bizerte 
Lagoon, Tunisia, which resulted in low densities 
of meiofauna and higher densities of heavy metal 
resistant bacterial communities 59.  

Pathogens persist in all, but the most strenuously 
treated wastewater and many marine mammals 
are susceptible to human pathogens. The spread 
of faecal bacterial pathogens was found to result 
in the direct transmission of Campylobacter to 
grey seals 60. Escherichia coli has been found in 
pinnipeds in Australia 61 and Salmonella in fur 
seals in Kentucky 62. 

The increase in nutrients and particulate matter 
in coastal water as a result of wastewater 
discharge is a significant issue for fish 
communities. Discharge can result in community 
decreased biodiversity close to the point source 
63,64, but an increase in species that feed on 
zooplankton and diet generalists as the effluent 
disperses 65–67. 

Wastewater discharge clearly is significantly 
impacting on the marine environment. These 
impacts can lead to significant localised changes 
due to eutrophication or heavy metal inputs that 
directly alter the surrounding environment. 
Additionally, wastewater can lead pathogens to 
infect marine animals and heavy metals and 
microplastics to accumulate in the marine 
ecosystem. 
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5 Nutrient runoff 

Nutrient runoff is a process where too many 
nutrients, mainly nitrogen and phosphate 
fertilisers are added to water bodies, causing 
excess primary production. Though nutrients can 
occur naturally from rock or soil weathering and 
ocean mixing, excessive nutrient pollution is 
usually a result of anthropogenic activities such 
as the addition of fertilisers to agricultural land. It 
is often accompanied by pesticide and herbicide 
runoff, both of which are toxins, and 
sedimentation, which can build up in rivers or 
smother coastal systems. Nutrient inputs to the 
coastal zone are particularly concerning because 
human-related inputs are much greater than 
natural inputs. There are increasingly more 
people living in coastal areas, and consequently 
more nutrients entering our coastal waters from 
runoff from land in urban areas during rains, and 
from farming.  

Unlike point sources discussed earlier in the 
review, nutrient runoff is considered a non-point 
source of pollution to the coastal marine 
environment, entering through diffuse pathways 
with no one specific point of impact, and 
therefore it is very difficult to measure the 
impacts. Non-point sources are the largest 
contributor of nutrients to the coastal marine 
environment and their input is spread out and 
highly variable depending on climate and rainfall 
68. Since the 1950s there has been a global shift 
in agriculture practices to large, intensively 
farmed monoculture production. Sustaining this 
process has required large quantities of chemical 
fertilisers to be applied. At the same time there 
has been large-scale deforestation to provide 
land for the growing monoculture. Both 
processes have resulting in increased soil 
erosion. This combination has resulted in vast 

 

Figure 3. Kilograms of fertiliser use per hectare of cropland (2015). Fertilisers analysed were nitrogenous, potash 
and phosphate fertilisers. Animal manures not included. Figure from Our World in Data. Data source: World Bank. 
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quantities of nutrients in fertilisers being 
transported into waterways and coastal 
environments. It is estimated that the agricultural 
food production industry is the cause of 78 % of 
global eutrophication 69. 

5.1 Process water flow 

There are myriad, individual minor sources that 
collectively contribute to the significant 
eutrophication of the coastal environment. The 
process is influenced by weather conditions, soil 
type, bedrock, and terrestrial contours. The 
diffuse and variable nature of nutrient runoff 
makes it challenging to quantify the flow rate of 
nutrients into the marine environment through 
this process. However, there are some regions 
where attempts have been made to estimate the 
amount of nitrogen and phosphorous that are 
entering the coastal environment.  

It was estimated that in Europe between 1990 
and 2010 approximately 4.1 – 4.8 million tonnes/ 

year of nitrogen and 0.2 – 0.3 million tonnes/ year 
of phosphorous was discharged into coastal 
waters 70. 

One of the most extensively studied areas of 
eutrophication is around the Australian Great 
Barrier Reef (GBR), the largest coral reef system 
in the world. The catchment area inland of the 
GBR includes 314,000 km2 beef grazing area 
and 18,000 km2 of agricultural crop cultivation 71. 
It is estimated that since the pre-industrial era, 
nutrient loading of rivers feeding the GBR lagoon 
has increased by 2 – 6 times for nitrogen and 3 – 
9 times for phosphorous 72. Another estimate 
suggested the total nitrogen discharged to the 
GBR has increased from 14,000 tonnes/ year 
(prior to 1850) to 58,000 tonnes/ year 71. As a 
result, water quality in the GBR lagoon, 
particularly along the more developed central 
and southern sections has declined significantly. 

  

Figure 4. Average fertiliser application rates for selected countries and regions. Values are kg of nutrient per 
hectare of arable land. Figure from Our World in Data. Data source: World Bank.  
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5.2 Environmental impacts 

Key nutrients of concern are nitrogen and 
phosphorus because these nutrients are typically 
limited in marine ecosystems, meaning their 
addition stimulates growth of primary producers. 
Over-enrichment of these nutrients results in 
eutrophication which causes excessive growth of 
algae. The result is negative geoengineering of 
coastal environments on a vast scale. The 
consequences include the degradation of 
habitats, diminished water clarity, the creation of 
oxygen deficient or hypoxic zones, and harmful 
algal blooms 73. 

Coral reefs are particularly vulnerable to the 
effects of eutrophication. Many reefs are located 
close to shore and corals thrive in nutrient-poor 
(oligotrophic) conditions.  

The impacts of degraded water quality on coral 
reefs include higher nutrient availability that 
increases phytoplankton biomass and 
proliferation of macroalgae on inshore reefs that 
outcompete corals for space, and fine sediments 
and particulate nutrient inputs that reduce light 
availability for coral and seagrass 
photosynthesis 72.  

Hypoxia, resulting from anthropogenic 
eutrophication, is a growing ecological problem. 
These zones occur when oxygen in the water is 
used up faster than it is replaced or generated. 
The primary reason for this is decomposition of 
organic matter by microbes. When there is an 
increase in the amount of matter available for 
decomposition microbial activity increases which 
uses up greater amounts of oxygen, leading to 
hypoxic conditions. Many dead zones are linked 

Figure 5. Global map of hypoxic coastal ecosystems. Areas are concentrated in regions with dense human population. 
Dots show know locations; their size does not reflect the size of the dead zones. Figure copied from Altieri and Diaz 50. 
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with phytoplankton blooms caused by 
eutrophication 74,75. These blooms provide the 
organic matter for increased microbial activity.  

Dead zones due to hypoxia are now a permanent 
feature in coastal areas of the Baltic Sea, 
northern Gulf of Mexico and the Black Sea 76 and 
occur temporarily in many other known locations 
(Figure 3). It is believed that the majority of 
hypoxic zones, particularly in the tropics are yet 
to be discovered. The Gulf of Mexico Hypoxic 
Area averaged 14,000 km2 between 1985 and 
2017 50. Oxygen depletions create areas of low 
productivity and low biodiversity, resulting in the 
significant reduction of highly valued fishery 
resources. It is estimated that the global biomass 
loss due to dead zones may be greater than 9 
million tonnes/ year 77. Mortality and migration 
resulting from hypoxic conditions can result in 
large areas devoid of life 50. 

Harmful algal blooms (HABs) have been linked 
to eutrophication of coastal waters. HABs occur 
when there is a sudden increase in abundance 
of algae that produce toxins that are damaging to 
other plants and animals. As with dead zones, 
nutrients added to the coastal environment result 
in the proliferation of algae, except that in the 
case of HABs the algae itself directly damages 
the surrounding ecosystem. Impacts of these 
events include mass mortalities of both wild and 
farmed fish and shellfish, toxic seafood, and 
human illness through direct exposure to  
HABs 78. HABs are a regularly occurring and 
significant ecological issue in a number of 
locations across North America 79, Europe 80, 

Asia 81 and Oceania 82, and occurrences are on 
the rise globally 83.  

6 Produced water  

Produced water is a common by-product of oil 
and gas extraction. It refers to water that is 
coproduced with the hydrocarbons and can 
comprise connate water (water that was 
originally in the formation below the 
hydrocarbons) and/or water that has been 
injected to support the reservoir pressure, often 
treated seawater. Connate water may be as old 
as reservoir in which it is located (typically 
millions of years), and consequently contains 
noticeably different salts than present day 
seawater. Injected water may be freshwater or 
seawater that is injected in a reservoir to 
enhance hydrocarbon recovery rates. Produced 
water can account for up 80 % of the waste 
products from natural gas operations 84.  

The ratio of produced water to desired gas or oil 
production can range from 0 to more than 50, 
with a global average of about 2 -3 85. However, 
the amount of produced water generated usually 
increases as production decreases and in nearly 
depleted fields production may be as high as  
98 % produced water to 2 % fossil fuel 86.  

Produced water typically contains toxins of great 
potential harm to the environment. It is essential 
to treat and manage produced water to reduce 
the damage this pollutant can cause to the 
environment. The majority of produced water is 
discharged into the oceans. 

Table 6. Volumes of produced water associated with oil and gas production in different countries. Values are not 
necessarily equal volume discharged into the oceans as some water is reinjected to wells. Copied from Al-Ghouti et al. 91 

Country 
Volume produced water (million 

m3 /yr) 
USA 3338.37 

Australia 33.00 

China 7.30 

Iraq 16.83 

Oman 292.50 

Qatar 8.03 
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6.1 Process water flow 

It was estimated that in 2003 about 800 million 
m3 of produced water was discharged offshore 
across the globe. This included 21.1 million m3 
into waters around the US, mostly the Gulf of 
Mexico, and 358 - 419 million m3 into European 
offshore waters 86. These values are likely to be 
underestimates as there is significant 
underreporting of production 87.  

The estimated total volume of produced water in 
the US in 2007 was 256,000 m3 /day, about 
234,000 m3 /day (85.4 million m3 /year) of which 
was treated and discharged into the ocean 88.  
Norway developed around 173 million m3 of 
produced water in 2009, about 147 million m3 of 
which was discharged in the ocean 86. The NE 
Atlantic area covered by the OSPAR convention 
receives about 300 million m3 /y of produced 
water from oil and gas operations 89. In 2012 
about 130 million m3 were discharged into the 
Norwegian Coastal Shelf, an area within the 
OSPAR region, with one site discharging an 
average of 27.7 million m3 /y 90.  

6.2 Environmental impact 

The composition of produced water is complex 
and highly variable between wells and over the 
lifetime of a single well. It consists of a number of 

constituents that are of considerable harm to the 
environment (Table 8). These include heavy 
metals, dispersed oil, aromatic hydrocarbons 
and alkylphenols, naturally occurring radioactive 
material, organic material, inorganic salts, 
organic acids and high levels of sulphur and 
sulphides 90.  

Aromatic hydrocarbons such as polycyclic 
aromatic compounds (PAHs), can cause a range 
of ecotoxicological issues such as DNA damage 
93, oxidative stress 94, cardiac function defects 95, 
or embryotoxicity 96. Fish growth and liver 
function can be impacted by PAHs 97,98. 

Alkylphenols are hazardous and toxic and can 
cause a range of biological effects 90. They can 
cause significant damage to the environment due 
to their hormone disrupting effects in both 
mammals and fish 99,100. alkylphenols can 
negatively impact fish reproduction 101. In 2012 
the total combined amount of phenol and 
alkylphenols discharged on the Norwegian 
Coastal Shelf was 522 tonnes 90. 

Metals in produced water include arsenic, 
cadmium, copper, chromium, lead, mercury, 
nickel and zinc. A report on Norwegian coastal 
waters in 2012 reported levels in produced water 
discharges of lead, mercury and zinc greater 
than 1,000 times, and arsenic and cadmium 

Table 7. Distribution of produced water management in the USA in 2012. Copied from Veil et al. 92 
 

Enhanced 
Recovery 
(million 
m3 /yr) 

Injection 
for 
disposal 
(million 
m3 /yr) 

Surface 
discharge 
(million 
m3 /yr) 

Evaporation 
(million m3 
/yr) 

Commercial 
Disposal 
(million m3 
/yr) 

Beneficial 
Reuse 
(million 
m3 /yr) 

Total 
produced 
water 
(million m3 
/yr) 

Onshore 
Total  

1467 1263 96 110 218 20 3174 

%  46.2 39.8 3 3.5 6.9 0.6 100 

Offshore 
Total  

10 10 82 0 0 0 102 

%  9.8 9.8 80.4 0 0 0 100 

U.S. Total  1476 1273 178 110 218 20 3276 

%  45.1 38.9 5.4 3.4 6.7 0.6 100 
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greater than 100 times above background 
seawater levels 90. Heavy metals can impact 
marine organisms even when present in 
extremely low concentrations. The effects of 
heavy metals include disturbances to growth, 
reproduction and metabolism and the disruption 
of endocrine and immune systems of a range of 
marine organisms 102. 

Though some treatment of produced water does 
occur the main approach to environmental 
impact mitigation is rapid dilution of the produced 
water plume (Figure 6). The aim of this is to 
rapidly reduce the concentration of contaminants 
in produced water to below harmful levels. Field 
and laboratory studies on the impacts of 
produced water indicate that though 
contaminants present have the potential to cause 
significant negative impacts to the pelagic 

ecosystem those impacts will likely be limited to 
less than 1 km from the source of the discharge 
90. This is attributed to rapid discharge dilution 
and short exposure time. Despite the negative 
impacts of alkylphenols a modelling study 
concluded that produced water discharges and 
plume dispersion were unlikely to result in high 
enough exposure to have any significant impact 
on the reproduction of fish stocks for the three 
species examined 101.  

However, this a relatively short-sighted approach 
to impact management. It is well-known that 
many marine species aggregate around oil and 
gas platforms 103, meaning whole marine 
communities can be within this 1 km impact 
zone. An issue potentially exacerbated if 
transient predators regularly feed on prey around 
the platform. Additionally, many containments in 

Table 8. Main components of produced water and their concentration range. Copied from Al-Ghouti et al. 91 

Parameter Concentration 
(mg /l) 

 Parameter Concentration 
(mg /l) 

Major parameters Metals 

COD 1220-2600 Na 
 

TSS 1.2-1,000 Sr  0–6250  

TOC 0-1,500 Zn  0.01–35  

TDS 100-400,000 Li  0.038–64  

Total organic acids 0.001-10,000 Al  0.4–410  

Production treatment chemicals 
 

As  0.002–11  

Glycol 7.7-2,000 Ba  0–850  

Corrosion inhibitor 0.3-10 Cr  0.002–1.1  

Scale inhibitor 0.2-30 Fe  0.1–1100  

BTEX Mn  0.004–175  

Benzene 0.032-778.51 K  24–4300  

Ethylbenzene 0.026-399.84 Pd  0.008–0.88  

Toluene 0.058-5.86 Ti  0.01–0.7  

Xylene 0.01-1.29 Other ions 

Total BTEX 0.73-24.1 B  5-95 

Other pollutants Ca2+  0-74,000 

Saturated hydrocarbons 17-30 SO42- 0-15,000 

Total oil and grease 2-560 Mg2+  0.9-6,000 

Phenol 0.001-10,000 HCO3-  0-15,000 
  

Cl-  0-270,000 

 



Dryden et al. – Anthropogenic Discharges to the Coastal Environment: A Review, July 2021 

Page 19 of 27 

produced water, such as heavy metals, do not 
degrade naturally and will bioaccumulate 
through the marine food web 104. This is already 
having a significant impact on marine 
communities and some fish stocks 105. As oil and 

gas exploration expands to Arctic areas there is 
also the question about how these sensitive 
ecosystems will react to additional pollutants 89. 

 

7 Comparison of water volumes 
flowing to the oceans 

The global flow rate data given in the preceding 
sections is presented in Figure 7. Unfortunately, 
the authors were unable to locate useful data on 
agricultural flows or LNG vaporisation using 
seawater and so these have been excluded.  

All figures relating to estimates of thousands of 
processes across the globe necessarily will have 
a significant margin of error and we must be 
cautious in our conclusions. We may, however, 
conclude that the order of magnitude is likely 
correct, and that the total amount of water being 
discharged into the oceans from the various 
industrial processes is vast.  

Global rainfall over land has been estimated at 
around 100,000 Gt/ y, of which 37,000 Gt/ y is 
likely flowing to sea via surface rivers. The 
anthropogenic water flow figures presented for 
sewage, oil field produced water, thermal power 
plants and reverse osmosis plants add up to 
around 1,000 Gt/ y, or about 1% of land rainfall, 
and almost all of it carrying marine pollutants of 
one sort or another. Many reports are likely 
conservative and, noting the fact that this figure 
excludes several known processes, we may 
expect the actual total volume of water 
discharged from anthropogenic sources to be 
much higher.  

  

Figure 6. Produced water discharged from an offshore oil and gas production will spread with ocean currents, forming 
a continuous plume that exposes downstream ecosystems (illustrated by a simplified Barents Sea system). The plume 
will be continuously mixing and diluting the contaminants within the produced water. Figure copied from Beyer et al. 

89. 
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8  Discussion 

Vast quantities of water are being pumped into 
the ocean as a result of human activities. A 
summation of the estimates for the various 
sectors indicates that this is now surpassed  
1,000 Gt/ y (refer to Figure 7). The majority of 
these discharges have been contaminated or 
altered such that they vary significantly from the 
natural environment. The primary approach for 
mitigating the impacts of these discharges is to 
rely on rapid mixing and dilution of the effluent 
stream. Where a discharge merely causes a 
small alteration of natural conditions such as 
increased temperature or salinities this approach 
may continue to be utilised with minimal impact. 

Where discharge contains toxins harmful to the 
marine environment this approach is increasingly 
unacceptable, and dilution is no longer the right 
solution. 

We have been creating and discharging effluents 
into the marine environment for long enough now 
that contaminants are beginning to build up and 
cause large scale, negative changes to the 
marine environment. This has become a huge 
unintentional geoengineering project with 
devastating impacts on coastal waters.  

We can no longer claim ignorance about the 
impacts of even small concentrations of certain 
particularly toxic contaminants such as heavy 
metals or chlorine. Accumulation in the 
environment and bioaccumulation through the 
food web is resulting in levels of contamination 
that cause significant harm.  

It is possible to decide to reduce or stop such 
impacts to the environment. Decisions such as 
reinjecting produced water and increasing the 
levels of wastewater treatment can almost 
completely end the discharges of associated 
harmful contaminants and changing agricultural 
practices to reduce the amount of chemical 
fertiliser, for example through soil regenerative 
practices, will limit nutrient and toxin runoffs. 

It is long past time to recognise the oceans are 
not an infinite sink for waste disposal. This 
unplanned and unintended geoengineering of 
the oceans that we have undertaken has caused 
widespread and long-term damage to the marine 
environment. It is incumbent on humans now to 
not just reduce the volume of harmful products 
that are discharged into oceans but begin the 
work of undoing the damage we have already 
caused. 
 

Figure 7. Comparison of rainwater and anthropogenic water uses. 
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